High-energy photons and neutrons can be used to actively interrogate for heavily shielded special nuclear material (SNM), such as HEU (highly enriched uranium), by detecting prompt and/or delayed induced fission signatures. In this work, we explore the underlying physics for a new type of photon source that generates high fluxes of monoenergetic gamma-rays from low-energy (<500 keV) proton-induced nuclear reactions. The characteristic energies (4-to 18-MeV) of the gamma-rays coincide with the peak of the photonuclear cross section. The source could be designed to produce gamma-rays of certain selected energies, thereby improving the probability of detecting shielded HEU or providing a capability to determine enrichment inside sealed containers. The fundamental physics of such an interrogation source were studied in this LDRD through scaled ion accelerator experiments and radiation transport modeling. The data were used to assess gamma and neutron yields, background, and photofission-induced signal levels from several (p,y) target materials under consideration.
INTRODUCTION
Every year approximately 6 million maritime cargo containers are delivered to U.S. ports. Due to the size and complexity of their cargo, these containers offer a variety of opportunities for smuggling different kinds of contraband, including the possibility of a nuclear weapon or the components to assemble one. Failure to detect a concealed nuclear weapon or improvised nuclear device would lead to major physical damage and loss of life in a U.S. urban center and major economic and psychological damage throughout the entire U.S. At present, only a small fraction of containers are inspected beyond a routine document screening, although passive detection and radiographic imaging systems are becoming more commonplace at the nation's largest ports. The drawback to passive inspection is that the natural radioactive emissions from even large amounts of fissile materials can either be easily shielded (by the surrounding cargo or intentionally emplaced shielding) or are difficult to detect (due to background, short collection times, and poor statistics). A more reliable approach is to actively interrogate for the nuclear material with high-energy neutrons and/or photons to induce fission signals (neutrons and gamma-rays) that are detectable through cargo or other shielding materials. Thus, an interrogation source capable of producing both neutrons and photons is optimal because neutrons readily penetrate intermediate and high atomic number materials, while photons are useful when the intervening materials are hydrogeneous or contain neutron absorbers. Ideally, an interrogation system can perform with high detection probability, low false alarm rates, and without impeding container traffic. To satisfy these requirements, the interrogation system must incorporate a very intense source (producing >lo" particles/s) so that reliable screenings can be completed within minutes or less.
In this LDRD project, we explored the underlying physics of a conceptual Gamma Tube source. Unlike conventional particle accelerator technology, this source uses the lowestenergy proton-induced nuclear reactions to make high-energy gamma-rays, either in pulsed or DC mode. As a result, the source would be simpler, more cost effective, more efficient, and easier to scale than comparable high-energy particle accelerator alternatives. Additionally, since high-energy monochromatic gamma-rays result in lower personnel radiation doses, the proposed system will satisfy existing federal regulations that limit other active interrogation approaches. We assessed the viability of this source through a program of experiments and simulations that determined the performance limits of a field-deployable interrogation system which we call FIND for "Fissmat Inspection for Nuclear Detection". Our research approach involves 1) establishing the scientific basis and underlying materials science required in the design of the source and associated (p,y) reaction targets, 2) performing analyses to evaluate configurations and operational parameters for the FIND system, and 3 ) validating the simulation models from scaled-down accelerator experiments conducted in the Sandia High Radiation Laboratory, The results of these experiments and simulations will define the parameter space over which this cargo container inspection technology is practical.
SYSTEM DEVELOPMENT
The FIND system requires high fluences of high-energy gamma-rays for active interrogation of shielded fissile materials. Our approach is to develop a source that uses nuclear reactions of such a low energy (<SO0 keV) that they can be reached by a simple Gamma Tube, thus eliminating the need for a more costly and complex ion accelerator. We call this use of low-energy nuclear reactions to produce high energy radiation nature's (nuclear) amplifier. The operational basis for the system is drawn from the rfplasma neutron generators recently developed at Lawrence Berkeley National Laboratory (LBNL) and described below [ 11.
Neutron Tube Source
Although isotopic sources release neutrons by radioactive decay, their intensities are generally too low to be suitable for a cargo container active interrogation system. At the other extreme, the most intense sources of neutrons are from nuclear fission reactors or high-energy particle accelerators (the latter "spallation sources" use proton beams to break up heavy nuclei in a target). These large, complex, and costly installations yield copious amounts of neutrons at energies up to hundreds of millions of electron volts, but would be impractical to operate and maintain as part of an active interrogation system at a seaport facility. High intensities of neutrons can also be produced by a neutron tube (generator) which essentially is a miniature, low-energy accelerator that produces neutrons by hitting a metal target with deuterium or tritium ions. A fusion reaction occurs between the deuterium in the beam and deuterium or tritium in the target (D-D or D-T reactions) resulting in a high flux of energetic neutrons. One of the drawbacks in typical commercial units is the short operational lifetime due to the target becoming depleted of the hydrogen isotopes.
Many of the limitations in conventional neutron tube sources have been recently overcome in a new generator design developed at LBNL. This system uses a miniatureized plasma ion source, driven by a radio-frequency antenna, to efficiently produce a high current of deuterium ions (see Figure 1 ). More than 90 percent of the deuterium ions in the plasma are monoatomic with energies at the peak of the reaction cross section compared to other tubes which typically only have about 20 percent mono-atomic ions. The neutron output is further enhanced as a result of the system's coaxial cylindrical tube design in which the cylinder-shaped ion source emits beams radially along its length, striking a large area target wrapped around it. The target in the LBNL neutron tube consists of a thin sheet of titanium bonded to a copper substrate with water-cooling channels. As the beam hits the target, new deuterium ions are being continually added, so the target does not become depleted. Further, neutron production can be increased simply by extending the length of the cylinder (tube). The highest yield system has achieved intensities of 10'' d s . 
Gamma Tube Concept
An analogue Gamma Tube has been conceptualized that is capable of generating an ampere or more current of a few hundred keV-energy protons which bombard a cylindrical extraction electrode target rich in the isotope that produces the (p, y) nuclear reaction. There are some features in the existing LBNL neutron generator design that would remain the same for the gamma source. For example, rf-induction is a powerful way of generating high current (> 1 Ampere) proton beams having a high fraction of protons (easily more than 90% of the total hydrogen beam including the other hvo species, M+ and H ; ) . To ensure reliable high voltage operation the gamma-ray tube would also be vacuum pumped. With reasonable pumping, the pressure would drop to the lo4 Torr range, which allows trouble free high voltage operation. The ion source is protected from the secondary electrons with a filter rod stmcture; this prevents highenergy electrons from accelerating back to the source and potentially over-heating it. The protection from the secondary electrons is especially important in the case of the gamma source. Due to the fairly small cross-section of some of the nuclear reactions at these proton energies, the generator has to run at fairly high current which means the ion beam power at the target can be of the order of 200 kW. Although the large surface area of the target helps to dissipate the thermal load, higher power operation of the gamma source will also require new designs for the ion source and the cooling system used for the neutron tube.
Coaxial Gamma Source
A co-axial gamma-tube design has several advantages that would cany over from the neutron tube system.
The advantages include (i) the capability to produce high beam current, (ii) better cooling, (iii) simpler design, (iv) compact design, and (v) more spatially uniform photon flux. Figure 2 shows a schematic of a conceptual coaxial type gamma source that is very similar to the neutron tube described above. The ion source, located at the center of the gamma generator, is hydrogen plasma formed by rfinduction discharge. The antenna is watercooled copper tubing enclosed inside a quartz tube.
For the @,y) target material, Table 1 lists four promising low-energy nuclear reactions that produce gamma-rays with energies greater than 6-MeV (the photofission threshold energy is approximately 5.5-MeV) [2-81. Of these, the 163-keV 'B and 203-keV "AI reactions offer the most direct path to a gamma tube system based on the existing coaxial neutron generator technology. Suitable target materials for these reactions include LaB6 or B E (for p-B) and Al (for p-Al) which are easy to fabricate and also have good thermal, electrical, and mechanical properties [9] . For example, lanthanum hexaboride (La&) is a rigid ceramic with good thermal shock resistance and good chemical and oxidation resistance. It also has high electron emissivity and good electrical conductivity. As a result, it is commonly used as a cathode material in electron microscopes. Similarly, boron carbide (B4C) is one of the hardest materials known, ranking third behind diamond and cubic boron nitride. It has very good chemical resistance, good nuclear properties (commonly used as a neutron absorber in reactors), and has low density (2.52 gIcm3). B4C can be formed as a coating on a suitable substrate by vapor phase reaction techniques, e.g., using boron halides or di-borane with methane or another chemical carbon source. The main drawback with both the "B and '"AI is their low @,y) reaction cross sections, necessitating the need to operate the gamma tube at high current to increase the source output. For example, in a boron-based interrogation system, a coaxial source producing an ampere of proton current at the 163-keV reaction resonance (0.157 mb) will only generate a fluence of about 6 x 10' yls. The next boron resonance occurs at higher proton energy (675-keV), but its cross section is smaller (0.05 mb) and much wider (322 keV). Similarly, the reaction for aluminum at a proton energy of 203-keV has a cross section of less than 0.03 mb. Table 1 . Candidate gamma tube low-energy @,y) target isotopes.
Axial Gamma Source
The other @,y) reactions in Table 1 have larger reaction cross sections, but also require scaling the gamma tube source voltage to higher proton energies. On the other hand, it may not be possible to readily scale the above coaxial tube design to higher proton voltages (without going to much larger tube diameters). To achieve higher energies, we are considering an analogous design based on a simple axial accelerator coulmn concept. In this system, the protons are first produced in an rf-driven plasma source and then extracted and accelerated to their full energy using a simple electrostatic accelerator column (see Figure 3) . The accelerated protons then impinge on a water-cooled, Vshaped target (rather than a cylindrical tube target as in the coaxial design). The axial gamma tube is vacuum pumped to minimize the electrons produced by ionizing the gas in the beam path. Sulfur hexafluoride gas is also used to minimize corona and arcing in the column when operating at these high voltages. Another factor in the development of this type of gamma tube source is that fewer target materials are available that are both high in abundance of fluorine or lithium isotopes and also have suitable electrical, thermal, and fabrication properties.
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. . 3 Scalable Linear Source
A significant advantage of the source design is its potential to scale to almost any length by stacking together individual base units. For example, the coaxial gamma tube can be taken to an order of magnitude higher power level by stacking ten of the I-Ampere systems together. In the base units, the lower vacuum plate is in ground potential and the upper one is at the target potential (e.g., -165-kV for the p-B reaction). These sources can be stacked on top of each other in a sequence, where two high voltage flanges are shared in one end of the two generators and, on the other end, the pumping chamber is shared with another generator. In this way, only five high voltage feeds, five vacuum pumps and five rf-systems are needed to operate the stack of ten generators. This concept is depicted in Figure 4 where the two coaxial sources are attached by a single pumping chamber and high voltage flange. The final source system integrates these gamma-ray tubes to produce a new active interrogation source. Owing to its linear scalability, the photon source will be well-suited for many diverse applications ranging from very large fixed site interrogation systems to intermediate-size mobile or remote inspection systems to compact systems for assaying the internal contents of hazardous waste drum containers.
ACCELERATOR EXPERIMENTS
In this section, we focus on experiments related to gamma-ray production and photofission for the gamma tube source since the issues for developing and implementing the neutron tube part have previously been described [I]. The photofission cross section for most nuclear materials has a eak that extends from approximately 5-MeV to 20-P MeV. In particular, the peak for ' U is at 13.8-MeV with a full-width-at-half-maximum of 5-MeV and a threshold of 5.8-MeV. Ideally, we would like to select nuclear reactions that produce gamma-rays having their energy near the peak of the cross section. However, as the gamma-ray energy is increased above 7.5-MeV (the average nuclear binding energy), there can be also be an associated increase in the background signal due to the production of photoneutrons from surrounding materials or from Compton scattered source photons. Experiments are being performed on a remotely operated 700-keV Van de Graaff ion accelerator system in the Sandia High radiation Lab to assess the above issues and to evaluate the operational performance of the Gamma Tube. Figure 5 shows a photograph of the accelerator which is physically located inside a high radiation cell having 1-2 foot thick concrete walls and ceiling for shielding. The low-energy accelerator in the front of the photograph is also part of the ion beam system, but is not used in the present experiments. In addition to protons, other ions such as deuterium, '~e , and 4~e are also routinely accelerated in this facility. For the present experiments, a 1-10 micro-Ampere beam of up to 700-keV protons bombards a target attached to a water-cooled stage producing mono-energetic gamma-rays from low-energy nuclear reactions (see schematic in Figure 5 for experimental arrangement). Two Nal detectors are used both to monitor the intensity of gamma-rays produced by the target and to detect the prompt or delayed gammas induced by photofission; a '~e detector array is used to count prompt or delayed neutron signals produced by photofission events. Other materials can be placed between the gamma source and nuclear material to simulate intervening cargo or various types of shielding, as well as to measure the background caused by photoneutrons or scattered gamma-rays. 
Gamma Yields
Various target materials were tested to determine the corresponding gamma yields and energy spectra over a range of proton energies. Figure 6 shows gamma spectra collected from LiF, Teflon, B4C, and Mg bombarded with a continuous beam of protons. Each spectrum was collected with a 5-inch NaI detector and normalized to 1-pC of charge. The (p,y) target to detector distance was set at 7 cm. Both boron carbide and magnesium have rather low gamma-ray yield which is consistent with the reported "B cross section value given in Table 1 . Magnesium was tested because we could not find a value for its cross section in the literature, but it was reported that a 6.19-MeV gamma-ray (in addition to 4.86-MeV and 0.82-MeV gammas) is produced corresponding to the 317-keV resonance of the 25Mg(p,y)26A1 reaction [2] . While our spectra clearly show the 6.19-MeV gamma-ray, we also see gammas that arise from the higher energy (-8-MeV) branching channels that can occur for the 26Mg(p,y)27A1 reaction. The LiF and Teflon spectra are dominated by the characteristic 6.13-MeV fluorine gamma-ray which was even observed for 250-keV protons from the accelerator (fluorine has a small resonant cross section of -0.2 mb at 224-keV proton energy). As indicated in Table 1 , the resonant reaction for lithium occurs at 441-keV which accounts for the significant jump in the measured yield between the 350-keV and 450-keV spectra. The 7Li reaction is of interest because it produces 17.64-MeV (63% emission/reaction) and 14.74-MeV (37% emission/reaction) gamma-rays which also coincide well with the peak of the photofission cross section. There also appears to be an unidentified, weak low-energy nuclear reaction in Teflon that produces -12-MeV gammas and may be due to a trace impurity in the material. The spectra from the LiF and B4C target samples were further analyzed to quantify the total gamma-ray ield as a function of incident proton energy corresponding to each (p,y) isotope, Le., 7Li, F, and "B. The results are plotted in Figure 7 with the assumption that the NaI gamma detector had an absolute efficiency of 15% at all energies. These data indicate that the recommended 10" particlesh intensity threshold cannot be achieved with "B even when the source is operating at l-Ampere proton current. On the other hand, this intensity can be achieved (shaded region of the plot) for both F and Li (marginally) reactions, but operation at higher proton energies and currents is required.
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Photofission Signatures
Active interrogation relies on stimulating nuclear material to produce radiation signals that can then be detected through intervening shielding material. In gamma-based systems, some fraction of the monoenergetic source gammas will be shifted to lower energies by Compton-scattering and pair production as they pass through intervening material. This has the effect of reducing the total fluence of "photofission-worthy" gammas at the nuclear material being interrogated, resulting in a lower detectable signal. The reduced signal can be partially ameliorated by 1) using nuclear reactions that produce gammas with energies >IO-MeV so that some of the scattered photons will have sufficiently high energies to still induce photofission and 2) any photonuclear events that occur with surrounding materials produce energetic neutrons that can also induce fission. An effective active interrogation system must be able to maximize and distinguish the prompt andor delayed fission signals from the neutron and gamma background that arises from other surrounding materials. For example, the prompt neutron signal can be affected by the photoneutron background caused when the source gammas interact with materials near the object being interrogated. Fortunately, the neutron production cross sections of most nuclear materials are much higher than that of common materials so the neutron background in gamma-based interrogation techniques is fairly low.
We have performed preliminary (p, y) accelerator experiments to detect prompt neutrons and delayed gammas from photo-fission. Figure 8 shows a plot of the data from one of the experiments that measured the delayed gamma spectra from a pulsed gamma source. The proton beam from the accelerator was pulsed electrostatically at 5 kHz with a 50% duty cycle (on 100 ps and off 100 ps) by applying a 500 volt square wave to 75-cm long deflection plates spaced 2.5-cm apart. The 450-keV protons bombarded a LiF target located inside a 1.5-inch diameter beamline tube, thereby producing 6 (F), 15 (Li), and 18 (Li) MeV gamma-rays. A large fraction of these gammas struck the depleted uranium sample which consisted of seven 50 mm diameter x 3 mm thick discs (780 g 238U) that were stacked outside of the beamline tube 2-cm from the LiF target. A 5" x 5" NaI gamma detector was positioned 13-cm from the LiF target on the opposite side of the 238U. The detector was electronically gated with a 35% duty cycle (on 20 ps after proton beam off and off 10 ps before proton beam on) to capture the short-lived delayed gammas and to avoid any interferences from the source gamma-rays. Beneath the gamma source-uranium disc experimental arrangement was a plastic-moderated 3He neutron detector array to record the prompt neutron signal. Each photofission-induced gamma-ray spectrum was collected for 100 seconds with 6-pA peak (3-pA average) proton current.
Figure Sa shows the photofission spectra collected at three proton beam energies (300, 400, and 500 keV) with and without 238U present. Figure 8b shows the results obtained when each spectrum without 238U was subtracted from the corresponding spectrum with 238U present. Performing this subtraction automatically removes background contributions such as due to Bremsstrahlung or detector effects. The integrated net signal between 300-keV and 400-keV is computed to be 160 counts/sec and corresponds to the count rate due primarily to the fluorine reaction at the 340-keV cross section resonance. Likewise, the increase in net signal between 400-keV and 500-keV spectra (98 counts/sec) results mainly from the Li reaction at the 44 1 -keV resonance. Additional experiments are underway to measure the delayed gamma-ray spectra in the 2-to 6-MeV range. Figure 8 . Delayed gamma-ray spectra from pulsed photofission experiments of 238U. The spectra plotted in (a) were collected with and without 238U present using a LiF target bombarded with 300,400, and 500-keV protons. The data in (b) were obtained by subtracting each spectrum without 238U from the corresponding spectrum with 238U.
For active interrogation, utilizing delayed gamma-rays in this latter energy range has the additional benefit that normal radioactive background almost never produces gamma-rays above 3-MeV and, thus, does not interfere with this signature [lo] . Cumulative neutron and gamma count rate results are given in Table 2 along with the net photofission signal in each case. While the signal-to-background ratios are rather low, the results are nevertheless quite encouraging. For instance, the photonuclear cross sections for both depleted and high1 enriched uranium (235U) are approximately the same at 6-MeV (p-F reaction), but the "U cross section is approximately 2.5 times greater than 238U at 15-MeV (p-Li reaction) [I 13 . Further, 238U has a significant gamma-ray decay background which is almost non-existent for 235U. Both these effects will improve the signal-tobackground ratio for detecting 235U signatures. Additional experiments could be performed to optimize the data collection process (pulse rates), signal detection, and, as stated earlier, assess the background levels by also inserting different materials between the gamma source and radiation detectors.
MODELING
A simple, compact, and low-cost source design is important for the wide deployment of FIND interrogation systems at seaports or border crossing inspection stations. In one suggested inspection system concept-of-operation, the source is located in underground to shield the excess radiation to inspection workers. A cargo container is towed (transported) over the collimated fan beam of source neutrons and/or gamma-rays which cause fission in any nuclear material that may be present. Large arrays of neutron and gamma detectors are positioned around the cargo container to detect the fission emission signatures. An optional low exposure radiographic screening of the container's contents could also be performed using the Gamma Tube source and an array of gamma detectors to record the transmission image. Because of its scalability, it would also be possible to replace the fan beam "point" source with a "line" source that extends over the entire (20 foot) length of the container. In this latter case, the cylindrical wedge-shaped beam from the line source illuminates the entire container at one time, as compared to the fan beam configuration where only a thin slice of cargo is illuminated as a container moves rapidly past it.
An optimal design for a field deployable FIND system requires an assessment of the most useful radiation signatures, the best detectors and data collection methods, and the most advanced signal processing. In parallel with the above accelerator experiments, we are evaluating the FIND system in terms of its "detectability" performance using a "zerothorder" analytical model that captures the essential nuclear and transport effects, but does not include the detailed, and more computationally intensive, models found in advanced radiation transport codes. Since other studies have examined the performance of neutronand bremsstrahlung-based sources for active interrogation of lightly or unshielded nuclear material [ 12-16], our focus has been on determining the detectability of fission signatures in different shielding scenarios using the mono-energetic gamma-rays from our tube source. We are using the above experimental results to validate the model predictions and then plan to extend the calculations to model the performance of a full-scale FIND system. Preliminary simulation results suggest that 0-3 MeV gammas provide the most intense prompt and delayed signals from photofission, but this is also the range of energies where most natural gamma backgrounds exist. In addition, the scattering of the gamma source beam will contribute a (prompt) background at all gamma energies. Additional experiments (via accelerated proton beams) and modeling (via Monte Carlo radiation transport simulations) will be performed to more accurately assess the impact of these backgrounds on detectability and the generation of false-positive signals. A preliminary conclusion that can be reached from the calculations performed so far is that the prompt neutrons and delayed gamma-ray signatures may provide the best signal from induced photofission of shielded nuclear material.
SUMMARY
The FIND active interrogation system will be based on a Gamma Tube photon source using low-energy proton-induced nuclear reactions to produce high intensities of monoenergetic gamma rays that can induce fission in nuclear materials followed by detection of the emitted radiation signatures. When realized, this source will be simpler, more cost effective, more efficient, and easier to scale than comparable high-energy accelerator alternatives. Our LDRD research has focused on the preliminary assessment of the viability of this concept through a program of experiments and simulations that determines the performance limits of a fully field deployable interrogation system. In particular, we have identified lanthanum hexaboride (LaB6) and boron carbide (B4C) as the leading target materials for the Gamma Tube. We have also demonstrated the detection of photofission signatures from depleted uranium. Through accelerator experimentation, we have identified the prompt neutron and delayed gamma-ray emissions as the best signals for detecting shielded SNM. Full development of the Gamma Tube will lead to the following important improvements over other source types: 1) low-energy nuclear reactions are used to produce high yields of monochromatic gamma-rays, 2) virtually all of the generated gamma-rays are "photo fission worthy", Le., the gamma-ray energies coincide with the peak of the photofission cross section (in contrast, only a small fraction of bremsstrahlung photons can stimulate photofission), and 3) by stacking multiple units together, the resulting "linear gamma source" can be made to almost any length which is not as easily accomplished with large accelerator-based systems. 
